INTRODUCTION
============

The traditional model of mammalian evolution posits that after originating in the Triassic-Jurassic, Mesozoic mammals were typically small, nocturnal, generalized terrestrial insectivores, limited in taxonomic and ecological diversity due to predation by and/or competition with dinosaurs. After the extinction of nonavian dinosaurs at the Cretaceous/Paleogene (K/Pg) boundary, Cenozoic mammals then radiated into an enormous range of ecologically distinct niches ([@R1], [@R2]). Recent research suggests that this model is incomplete, with some fossil evidence for Mesozoic diversification and niche expansion in mammals ([@R3]--[@R6]). However, most Mesozoic eutherians (placental mammals + stem taxa) were small, likely terrestrial-scansorial, and had jaw and dental morphologies consistent with insectivory ([@R1], [@R4], [@R7]). Furthermore, although there is some evidence of eutherian niche diversification in the Late Cretaceous ([@R1], [@R8], [@R9]), the fossil record unequivocally points to an unprecedented adaptive radiation of placental mammals after the K/Pg boundary ([@R1], [@R8]--[@R11]).

Here, we test the hypothesis that this landmark evolutionary radiation left a molecular signature in placental mammal genomes, specifically in regard to diet. Jeuniaux ([@R12]) hypothesized that mammals inherited gastrointestinal (GI) chitinases from a vertebrate ancestor and subsequently lost them as they adapted to noninsectivorous diets. Molecular studies have isolated an acidic mammalian chitinase (CHIA) expressed in the mammalian GI tract ([@R13], [@R14]) that is stable in the presence of GI proteases ([@R15]), suggesting a role in chitin digestion. In the absence of dietary chitin, selection on chitinase genes may have been relaxed, allowing for the accumulation of formerly deleterious mutations (for example, frameshift and nonsense mutations), resulting in unitary pseudogenes and gene deletions. We tested Jeuniaux's ([@R12]) hypothesis by analyzing patterns of acidic mammalian chitinase gene (*CHIA*) loss in placental mammals relative to the K/Pg boundary. We provide evidence that *CHIA*s retain a genomic signal of the early Cenozoic radiation of placental mammals, via the repeated, convergent decay of *CHIA*s in noninsectivorous mammals after the K/Pg boundary.

RESULTS AND DISCUSSION
======================

Five *CHIA* paralogs in the last common ancestor of placental mammals
---------------------------------------------------------------------

The original study describing *CHIA* reported only a single gene ([@R13]), but we found numerous placental *CHIA* paralogs, similar to recent analyses ([@R16], [@R17]). Phylogenetic analyses cluster these into five major clades ([Fig. 1](#F1){ref-type="fig"}; figs. S1 to S3; and table S1), which we refer to as *CHIA1*, *CHIA2*, *CHIA3*, *CHIA4*, and *CHIA5*. All four superorders of placental mammals (Xenarthra, Afrotheria, Euarchontoglires, and Laurasiatheria) are represented by orthologs in all five *CHIA* clades, implying that the last common ancestor of placental mammals had five *CHIA*s. There is a consistent syntenic orientation of the paralogs, with multiple instances of all five being localized to the same genomic contig/scaffold (fig. S4 and table S2). Each putatively functional *CHIA* paralog is of nearly identical length, consists of 11 coding exons, and has canonical splice donor and acceptor sites, a catalytic domain in exon 5 (fig. S5) ([@R18]), and a chitin-binding domain in exon 11 (fig. S6) ([@R19]), suggesting that all five *CHIA*s encode enzymes with chitinolytic function. Furthermore, transcriptome analyses indicate that all five *CHIA*s can be expressed in placental mammal GI tracts (table S3) and, therefore, each potentially participates in the breakdown of ingested chitin.

![Placental mammal *CHIA* gene tree, simplified from fig. S3.\
Closed circles indicate functional *CHIA*s, and open circles indicate pseudogenic *CHIA*s and/or *CHIA*s lacking a chitinolytic and/or chitin-binding domain. Colored branches correspond to a subset of placental mammal clades: green, Cetartiodactyla; orange, Carnivora; pink, Perissodactyla; red, Xenarthra; purple, Afrotheria; brown, Scandentia; cyan, Strepsirrhini; blue, Anthropoidea; yellow, Dermoptera. Silhouettes and licenses here and throughout are from phylopic.org.](aar6478-F1){#F1}

*CHIA* loss and dietary shifts to carnivory and herbivory
---------------------------------------------------------

Although we inferred gene duplications early in mammalian history (fig. S1), the only duplications in crown Placentalia resulted in paralogs likely to be nonfunctional or lacking chitinolytic function (tables S1 and S4 and figs. S2 and S3), with at least some of these duplicates appearing to have neofunctionalized into genes with immune-related functions (fig. S3) ([@R20]). By contrast, we found that *CHIA* loss, via pseudogenization and whole-gene deletion, has occurred very frequently, particularly in carnivorous and herbivorous lineages (table S1). Strikingly, species with five to three *CHIA* copies have, on average, a diet that consists almost entirely of invertebrates (five *CHIA*s, 88.3% diet invertebrates on average; four *CHIA*s, 85%; three *CHIA*s, 80%), species with two copies on average consume a moderate amount of invertebrates (63.3%), and species with one or no *CHIA*s average minimal invertebrate consumption (one *CHIA*, 21.9%; no *CHIA*s, 7%). Phylogenetic generalized least-squares (PGLS) regression analyses using *CHIA*s derived from both gene models (*n* = 73, *r*^2^ = 0.3358, *P* = 7.824 × 10^−8^) and genomic contigs (*n* = 70, *r*^2^ = 0.4213, *P* = 1.219 × 10^−9^) support a positive relationship between the percentage of invertebrates in the diet and the number of functional *CHIA*s in the genome ([Fig. 2](#F2){ref-type="fig"}), a finding corroborated by a recent *CHIA* analysis focused on Primates ([@R17]). The association of high numbers of functional *CHIA*s with insectivory, and the inference of five *CHIA*s in the last common ancestor of placental mammals, suggests that this ancestor and most crown Cretaceous placental lineages were probably also insectivorous. If correct, then such a diet would likely have imposed constraints on body size and other life history characters in these lineages and should therefore help infer traits in the earliest placental mammals ([@R21], [@R22]).

![PGLS regression of the number of functional contig-derived *CHIA*s versus the percent of the diet consisting of invertebrates.\
See text for discussion of highlighted species.](aar6478-F2){#F2}

Whereas the earliest placental mammals had five *CHIA*s, inactivating mutations and gene deletions shared between multiple species point to losses of functional *CHIA*s during the origins of modern placental clades ([Fig. 3](#F3){ref-type="fig"} and table S4). Whereas some *CHIA*s were lost in individual species or families, other losses occurred before interordinal (Paenungulata and Ostentoria) and intraordinal (Chiroptera, Carnivora, Perissodactyla, Cetartiodactyla, and Lagomorpha) diversification. Significantly, all or nearly all *CHIA* genes were lost during the origin and diversification of noninsectivorous lineages, including the herbivorous sloths (Folivora), hyraxes, elephants, and sirenians (Paenungulata), Old World fruit bats (Pteropodidae), horses, rhinoceroses, and tapirs (Perissodactyla), camels, swine, and ruminants (Cetartiodactyla), colugos (Dermoptera), lemurs (Lemuriformes), monkeys and apes (Anthropoidea), rabbits and pikas (Lagomorpha), rodents (Rodentia), and the largely carnivorous false vampire bats (Megadermatidae), whales (Cetacea), and dogs, cats, and kin (Carnivora) ([Fig. 1](#F1){ref-type="fig"} and tables S1, S4, and S5).

![Examples of *CHIA* shared inactivating mutations.\
Each alignment has a *Tarsius syrichta* ortholog to provide a functional outgroup comparison. See [Fig. 4](#F4){ref-type="fig"} for gene inactivations shown in (**A**) to (**M**) mapped onto the placental mammal phylogeny.](aar6478-F3){#F3}

*CHIA* loss and the post-K/Pg placental mammal radiation
--------------------------------------------------------

The presence of *CHIA* pseudogenes in various species allowed us to more precisely date the timing of gene inactivations relative to the K/Pg boundary. We used a method ([@R23]) based on the accumulation of nonsynonymous mutations after selection is relaxed. Using divergence times between lineages estimated with a molecular clock, shared inactivating mutations provide minimum dates for pseudogenization. We then analyzed the ratio of nonsynonymous to synonymous nucleotide substitutions (dN/dS) to model the timing of the transition from purifying to relaxed selection (table S6).

Estimates of the timing of *CHIA* inactivations provide support for a dietary radiation of placental mammals after the K/Pg mass extinction 66 million years (Ma) ago ([Fig. 4](#F4){ref-type="fig"} and table S7). Assuming a densely calibrated molecular timetree with broad taxonomic representation ([@R24]), the earliest *CHIA* pseudogene arose just before the K/Pg boundary (67.5 Ma ago), with 6 having occurred during the Paleocene (64.2 to 57 Ma ago) and 11 in the Eocene (53.4 to 37.4 Ma ago). Although we were unable to precisely estimate some inactivation dates due to assumption violations of the codon evolution models (see below), shared inactivating mutations ([Fig. 3](#F3){ref-type="fig"} and table S4) provide minimum dates for gene loss in these cases. Therefore, we estimate that another two *CHIA* inactivations occurred at the very end of the Cretaceous (67 to 66 Ma ago), six occurred in the Paleocene (63 to 56 Ma ago), and eight in the Eocene (55.5 to 34 Ma ago; [Fig. 4](#F4){ref-type="fig"}).

![Patterns of *CHIA* loss through time.\
(**A**) The cumulative number of *CHIA* losses in placental mammals relative to the origin of eutherians, placental mammals, and the K/Pg boundary. Red symbols indicate mean estimates of gene inactivation dates based on four model assumptions, and purple symbols indicate minimum pseudogenization dates based on shared inactivating mutations. Solid bars indicate the range of estimates (table S7), and dashed bars indicate potential range of dates based on branch lengths. (**B**) The phylogenetic positioning of the *CHIA* inactivation estimates shown in (A). Letters correspond to gene losses shown in [Fig. 3](#F3){ref-type="fig"}. (**C**) Timetree ([@R24]) indicating lineages sampled for *CHIA* analyses (red branches). The dashed box indicates zoomed-in portion of phylogeny shown in (B).](aar6478-F4){#F4}

There remain a handful of additional gene losses that may have occurred in the Cretaceous, but dating these events is less precise. For example, multiple *CHIA*s in rodents are extremely fragmentary pseudogenes or appear to have been completely deleted (table S1 and S4 and fig. S4); one parsimonious solution is that there were multiple *CHIA* losses early in rodent history, as early as the Cretaceous. Alternatively, these *CHIA*s may have been lost repeatedly, paralleling the patterns we found across placental mammals ([Fig. 4](#F4){ref-type="fig"}). Additional sequencing of rodent genomes belonging to long phylogenetic branches may provide further clarity on this issue. Another example concerns a possible shared 1--base pair (bp) deletion between cetartiodactyls and perissodactyls in exon 10 of *CHIA3*. If this is a synapomorphy, then such a mutation would be dated to the Cretaceous ([@R24]--[@R26]) and would help to resolve the laurasiatherian polytomy. Nonetheless, 1-bp deletions are common, the positioning of this deletion is uncertain, and this exon is missing in the earliest diverging cetartiodactyl and ostentorian lineages, indicating that this mutation plausibly occurred convergently. Hence, various uncertainties concerning the timing of specific gene deletions and the precise dating of phylogenies and gene inactivations ([Fig. 4](#F4){ref-type="fig"}) allow for the possibility of a few Cretaceous *CHIA* losses. However, the available data suggest that placental mammals began reducing their number of *CHIA* copies and, therefore, their consumption of insects, at and following the K/Pg boundary ([Fig. 4](#F4){ref-type="fig"}), a conclusion broadly consonant with both the fossil record (table S5) and inferences made from correlations between the rate of genomic evolution and life-history traits ([@R27]).

Our results may also help reconcile seemingly incongruent results between molecular timetrees and the fossil record ([@R25], [@R26], [@R28]). Divergence time estimates based on relaxed molecular clocks routinely provide evidence of Cretaceous interordinal diversification ([@R25], [@R26]), but analyses of the fossil record have yielded no unambiguous Cretaceous crown placental mammals ([@R22], [@R29]). Our results suggest that Cretaceous placental diversification was uncoupled from phenotypic divergence in the early Cenozoic because diversification of placental mammals substantially predates (25.8 Ma) the repeated loss of chitinase genes beginning near the K/Pg boundary ([Fig. 4](#F4){ref-type="fig"}).

Functional *CHIA* copy number and diet mismatches
-------------------------------------------------

Although the patterns of *CHIA* loss and retention largely reflect patterns of dietary evolution, there exist discrepancies that suggest that more research is needed. First, some *CHIA* copy number and diet mismatches are likely an artifact of imprecise dietary coding. We used "percent invertebrates in the diet" as a proxy for the amount of chitin in the diet, due to the tendency of invertebrate prey of placental mammals being insects, but some mammals eat copious amounts of invertebrates that likely have minimal amounts of chitin. For instance, the walrus (*Odobenus rosmarus*) has no functional *CHIA*s, and 80% of its diet is composed of invertebrates ([Fig. 2](#F2){ref-type="fig"} and table S1); however, most of these prey are bivalves (table S1). Future studies may benefit from directly calculating the amount of chitin in the diet to determine whether this leads to a more precise prediction of *CHIA* copy number.

Shared inactivating mutations suggest that other mismatches between diet and *CHIA* copy number likely result from historical contingencies, with species that inherited few *CHIA* copies being constrained by the apparent rarity of *CHIA* duplications. For instance, we found that the baleen whale *Balaenoptera acutorostrata* has only a single *CHIA* despite consuming copious amounts of chitin-rich crustaceans ([Fig. 2](#F2){ref-type="fig"}). On the basis of shared inactivating mutations, four *CHIA*s were pseudogenized in the ancestors that baleen whales share with herbivorous hoofed mammals and cephalopod- and fish-eating toothed whales ([Fig. 3](#F3){ref-type="fig"} and table S4), suggesting that historical dietary shifts predating the origin of filter feeding have limited baleen whales to a single *CHIA* (table S5). Similarly, the myrmecophagous (ant-/termite-eating) pangolins (Pholidota) have a single *CHIA* ([Fig. 2](#F2){ref-type="fig"}), in contrast to the convergently myrmecophagous Southern tamandua (*Tamandua tetradactyla*, Vermilingua) and aardvark (*Orycteropus afer*, Tubulidentata), which have four and five functional *CHIA*s, respectively. We found evidence of *CHIA* loss in the common ancestor of pangolins and placental carnivores (table S4), which, paired with fossil evidence (table S5), suggests that pangolins may have descended from carnivorous ancestors before reverting to a strictly insectivorous diet.

Regardless of potential historical contingencies, it is unclear why secondary *CHIA* duplications appear to be so rare in placental mammals and limited to instances where chitinolytic ability has been lost (fig. S3), because this would seem to be a simple mechanism to increase chitinase activity when adapting to a chitin-rich diet. These chitinophagous, CHIA-limited mammals may be compensating via alternative mechanisms, such as increasing the expression of another *CHIA* or using chitin-digesting bacteria ([@R30], [@R31]), chitinolytic lysozymes ([@R32]), or an additional mammalian chitinase, chitotriosidase (CHIT1) ([@R33]). *CHIT1* is generally expressed in immunity-related tissues ([@R33], [@R34]), but we found evidence that pangolin salivary glands express *CHIT1* alongside *CHIA5* (table S3), possibly suggesting co-option for digestive function.

Other mismatches seem more difficult to explain. For instance, the shrews (Soricidae) have historically been considered to be insectivores that have retained their diets from an ancestral placental mammal stock ([@R35]), yet the species represented in this study (*Sorex araneus*) only has two intact *CHIA*s (table S1). This contrasts with other members of this hypothetical ancestral stock, such as tree shrews (Scandentia; five *CHIA*s), elephant shrews (Macroscelidea; five *CHIA*s), hedgehogs (Erinaceidae; four *CHIA*s), tenrecs (Tenrecidae; four *CHIA*s), golden moles (Chrysochloridae; five *CHIA*s), and true moles (Talpidae; three *CHIA*s), which all have three to five intact *CHIA*s. Although classically considered insectivores, it is possible that this designation is too coarse, because soricids frequently feed on vertebrate prey or scavenge (39.8% clade average) ([@R36]), and such a dietary shift may have led to some *CHIA* losses. Alternatively, some gene absences may be due to assembly errors because we cannot confirm *CHIA3*'s deletion in *S. araneus* with synteny data. Analyses of additional genomes may help clarify this and other apparent deviations (table S5).

Finally, note that we are operating under the assumption that having five *CHIA*s increases the expression of chitinases in the GI tract, allowing for greater efficiency of chitin digestion. The relationship between functional *CHIA* copy number and diet suggests that this hypothesis is quite plausible, and our gene expression analyses (table S3) provide evidence that multiple CHIAs can be expressed in the same GI organ, with two *CHIA*s being expressed in the pancreas of an insectivorous tree shrew (*Tupaia chinensis*) and three in a salivary gland of an insectivorous bat (*Macrotus californicus*). However, it remains possible that some *CHIA*s are expressed in and specialized for different tissues and may have other functions outside of the GI tract. For instance, *CHIA5* is expressed in both the GI tract and the lungs of mouse and human, indicating a possible defensive role against chitinous pathogens ([@R13]). Notably, only *CHIA1* and *CHIA2* appear to be robustly expressed in the tree shrew pancreas, suggesting that *CHIA3*, *CHIA4*, and *CHIA5* may be better optimized for other tissues. Furthermore, certain *CHIA*s are retained more frequently than others, with nearly half of the species surveyed having *CHIA5* versus approximately 12% having *CHIA1*, indicating a possible functional bias in *CHIA* loss. Future comparative studies could test for tissue-specific expression and differences in optimal pH activity and stability to understand the distinctions between these paralogs, which could lead to a better understanding of some of the mismatches in *CHIA* copy number and diet.

CONCLUSIONS
===========

Together, these results suggest that chitinase genes (*CHIA*s) provide a genomic signal of the post-K/Pg dietary radiation of placental mammals. Consistent with the fossil record, the patterns of *CHIA* evolution indicate that the earliest placental mammals were highly insectivorous and that descendant lineages adapted to noninsectivorous dietary niches near and after the K/Pg boundary. Consequently, many placental mammals, including humans ([@R16], [@R17]), retain "genomic fossils" in the form of *CHIA* pseudogenes, providing a molecular record of their insectivorous past.

MATERIALS AND METHODS
=====================

Collection of annotated sequences
---------------------------------

We quantified the total number of acidic mammalian chitinase genes (*CHIA*s) in the genomes of 107 placental mammal species (table S1), using both annotated gene models (88 species, 54 families, and 17 orders) and direct queries of genomic contigs (74 species, 62 families, and 19 orders; fig. S7), with 55 species overlapping between the two data sets. All genomes examined were available in National Center for Biotechnology Information (NCBI)'s nucleotide collection and whole-genome shotgun (WGS) contig database except three assemblies generated using the Discovar de novo protocol (*Tamandua tetradactyla*, *Chaetophractus vellerosus*, and *Tolypeutes matacus*; <https://software.broadinstitute.org/software/discovar/blog/>) and made available to us by the Broad Institute. The latter assemblies were imported into Geneious v. 9.1.8 ([@R37]) for analysis. For annotated gene models, we obtained sequences derived from NCBI's Eukaryotic Genome Annotation (EGA) pipeline by BLASTing (discontiguous megablast) a human *CHIA* mRNA reference sequence (NM_201652) against the NCBI nucleotide collection and performing separate Basic Local Alignment Search Tool (BLAST) searches against all the placental taxonomic orders. We downloaded all relevant EGA gene models, which are denoted by an "XM\_" accession number prefix and are annotated as CHIA or any annotation suggesting homology to this protein (for example, "acidic mammalian chitinase-like"). We considered the gene absent/nonfunctional under any of the following conditions: (i) we retrieved negative BLAST results; (ii) the gene model was annotated as a "low-quality protein," a designation given if construction of the model required correction for premature stop codons and/or frameshift insertions or deletions (indels) found in the reference genomic contigs; and (iii) the sequence lacked a canonical catalytic domain (DXXDXDXE) ([@R18]).

Gene tree analyses
------------------

We discovered numerous examples of species with potential *CHIA* paralogs, which necessitated comparison through phylogenetic analyses to estimate their evolutionary history. We obtained additional gene models from nonplacental mammal vertebrate taxa and a *CHIT1* (chitotriosidase) outgroup (NM_003465), imported all of the sequences into Geneious, aligned them using MUltiple Sequence Comparison by Log-Expectation (MUSCLE) ([@R38]), manually adjusted the alignments, and removed sequences and sequence positions determined by eye to have dubious homology (data set S1). We then estimated a gene tree using Randomized Axelerated Maximum Likelihood (RAxML) v. 8.2.10 ([@R39]) in Cyberinfrastructure for Phylogenetic Research (CIPRES) (RAxML-HPC2 on Extreme Science and Engineering Discovery Environment) ([@R40]) with 500 bootstrap replications but otherwise default settings (-m GTRCAT). Placental *CHIA* sequences clustered in five distinct clades, which we designated *CHIA1*, *CHIA2*, *CHIA3*, *CHIA4*, and *CHIA5*. On the basis of these clade assignments, sequences from all five *CHIA* subclades were realigned separately (that is, all *CHIA1* sequences, all *CHIA2* sequences, etc.), and then each subclade alignment was aligned successively using the Geneious Translation align tool implementing the MUSCLE algorithm. We then performed a RAxML analysis on this finalized alignment (data set S1) in CIPRES using the same parameters (fig. S1).

Assembly of contig-derived sequences
------------------------------------

Given the inference of five distinct clades of *CHIA* within placental mammals, we directly queried the genomic contigs (WGS) of a subset of species to verify the presence of distinct *CHIA* genes (data set S2), determine their synteny, and validate the presence of inactivating mutations. Some genome assemblies present in WGS had not been annotated by EGA at the time of our study, so we examined additional genomes to broaden taxonomic diversity. We directly queried at least one member of each mammalian family for which there was a genome assembly available and, in some cases, examined additional species from a family if we were unable to recover a particular *CHIA* paralog or to check for inactivating mutations shared by confamilials. On the basis of the predicted gene models, very few mammals appeared to have all five predicted *CHIA* genes. We chose one of these species, the Philippine tarsier (*T. syrichta*), as the reference genome from which to obtain and compare all five *CHIA* genes (fig. S1). We BLASTed (megablast) the *T. syrichta* gene models against its WGS assembly and confirmed that all five *T. syrichta CHIA* sequences map to separate genomic regions (table S1). Each of these sequences is characterized by a functional catalytic domain in exon 5 (DXXDXDXE; fig. S5) ([@R18]), six critical cysteines in the chitin-binding domain (fig. S6) ([@R19]), intact exon-intron boundaries and the absence of inactivating mutations. Each gene model has 11 coding exons, with the exception of *CHIA2*, which has 10. After comparisons with gene models from other species, it became apparent that exon 2 was erroneously excluded from the *T. syrichta* gene model, despite being present in the assembly.

We designed a set of five in silico probes from the *T. syrichta* contigs, one for each *CHIA* gene, to capture *CHIA* sequences in the genome assemblies of other placental mammals. These probes encompassed the exons, introns, and flanking sequences of each of the predicted genes, allowing for greater confidence in homology and synteny between the respective paralogs. We BLASTed the probes (discontiguous megablast) against the WGS and performed local BLAST searches on the three Discovar de novo assemblies (discontiguous megablast). In instances of negative BLAST results (that is, no hits for *CHIA* sequences), we designed and BLASTed probes based on more closely related taxa. When we obtained BLAST hits, we downloaded the entire contiguous sequence that encompassed all the hits with the highest homology, ignoring hits that were clearly repetitive elements. As we downloaded each sequence, we recorded the accession number of each contig, the position of the BLAST hits within each contig, and the position of flanking genes to determine synteny (tables S1, S2, and S8 and fig. S4). We imported each captured sequence into Geneious, aligned the imported sequence to the *T. syrichta* probe reference using MUSCLE, and successively aligned additional sequences derived from the same ordinal and/or superordinal taxon, frequently using alignments of outgroup taxa to anchor the new alignments (data set S2). We examined each of the gene sequences for putative inactivating mutations, including missense mutations to the conserved catalytic domain or chitin-binding domain residues, start codon mutations, frameshift indels, premature stop codons, and splice site mutations (table S4). If a sequence had any of these mutations, it was assumed to be a pseudogene, unless its only mutation(s) is (are) (i) a start codon mutation but it had an alternative start upstream of the first exon or (ii) a GT→GC splice donor mutation because GC is a relatively common acceptable splice donor variant ([@R41]). If a sequence had a substantial amount of missing sequence (five or more exons) and its closest available relative(s) had a pseudogenic ortholog, then we assumed that it is a pseudogene.

After finalizing this data set, we removed all introns and flanking sequences, aligned each sequence to its corresponding orthologs (for example, all *CHIA1*s, all *CHIA2*s, etc.) using MUSCLE in Geneious, and then aligned each individual paralog alignment to each other successively using Geneious' Translation align with the MUSCLE algorithm. Using this master alignment, we aligned (MUSCLE in Geneious) the following published *CHIA* mRNAs: *Macaca fascicularis* (NM_001284548, stomach), *Homo sapiens* (NM_201653, stomach/lung), *Mus musculus* (NM_023186, salivary gland), *Rattus norvegicus* (NM_207586, stomach), *Bos taurus* (NM_174699, fetal liver), and *Sus scrofa* (NM_001258377, lung). Next, we aligned (MUSCLE in Geneious) the following mRNAs assembled from RNA sequencing experiments (see details below): *T. chinensis CHIA1* (pancreas), *T. chinensis CHIA2* (pancreas), *M. californicus CHIA3* (submandibular gland), and *M. californicus CHIA4* (submandibular gland). Finally, we aligned (Translation align, MUSCLE in Geneious) several chitinase-like mRNA sequences expressed in *M. musculus*: *Chil6*/*BYm*/*Chil8* (NM_178412), *Chil4*/*Ym2*/*Chi3l4* (NM_145126), *Chil3*/*Ym1*/*Chi3l3* (NM_009892), and *Chil5*/*Bclp*/*Chi3l7* (NM_001080816), as well as a *CHIT1* outgroup (NM_003465). We examined the master alignment by eye, adjusted it manually, removed sequence positions of dubious homology, and removed sequences that were likely to be phylogenetically uninformative because of missing data and/or minimal or no overlap with related species (for example, one exon only). We then executed a RAxML analysis through CIPRES on this contig-derived sequence alignment (data set S1) using the methods described above.

The resulting tree (fig. S2) largely recapitulated the results from the gene model--derived analyses (fig. S1) with the major exception of *CHIA4* being nested within *CHIA5*. Upon closer inspection, it became apparent that the chiropteran *CHIA4* and *CHIA5* sequences seemed to be influencing this aberrant topology. Specifically, chiropteran *CHIA4* is paraphyletic at the base of the *CHIA4* clade, and chiropteran *CHIA5* sequences form the sister group to the entire *CHIA4* clade. Reexamining the gene model--derived phylogeny (fig. S1) shows that the chiropteran gene models do not include any *CHIA5* sequences but seem to imply multiple recent gene duplications among the chiropteran *CHIA4*s. However, *CHIA4* and *CHIA5* sequences can readily be distinguished as occupying distinct positions on the same contig for multiple, distantly related species \[*Rousettus aegyptiacus* (Pteropodidae), *Hipposideros armiger* (Hipposideridae), *Rhinolophus sinicus* (Rhinolophidae), *Miniopterus natalensis* (Miniopteridae), and *Eptesicus fuscus* (Vespertilionidae); table S2 and fig. S2\].

Upon directly examining the sequences, we found evidence that gene conversion may be to blame for these discordant results (table S9). Specifically, when comparing chiropteran *CHIA4* and *CHIA5* sequences of the same species to a reference *CHIA4* sequence (*T. syrichta*), we found that most exons were more similar between the *CHIA4* and *CHIA5* paralogs than the chiropteran *CHIA4*s were to the orthologous *T. syrichta CHIA4* sequence. We compared the introns for two species and found a similar pattern. To give a detailed example, *E. fuscus CHIA4* exons 1, 2, 4, and 11 had higher similarity to *T. syrichta CHIA4* (84.6 to 96.7%; average, 91.9%) than to *E. fuscus CHIA5* (66.2 to 89.5%; average, 74.8%), whereas *E. fuscus CHIA4* exons 3 and 5 to 10 had higher similarity to *E. fuscus CHIA5* (95.5 to 100%; average, 97.7%) than to *T. syrichta CHIA4* (90.1 to 95.2%; average, 92.3%). Similarly, *E. fuscus CHIA4* introns 2 to 4, 7, and 10 were more similar to *T. syrichta CHIA4* (40.8 to 67%; average, 59.3%) than to *E. fuscus CHIA5* (11.2 to 36.7%; average, 25%), whereas *E. fuscus CHIA4* introns 5, 6, 8, and 9 had higher identity to *E. fuscus CHIA5* (76.7 to 96.5%; average, 89.7%) than to *T. syrichta CHIA4* (49.8 to 71.6 %; average, 60.8%). Further examination of another 10 mammals that retain functional *CHIA4* and *CHIA5* indicates that gene conversion for these two paralogs is likely phylogenetically widespread. This is perhaps an unsurprising conclusion given that *CHIA4* and *CHIA5* are in tandem (fig. S4), appear to be derived from a relatively recent (placental mammal-specific?) gene duplication (fig. S1), and that gene conversion is prone to occurring in tandemly duplicated genes that share high homology ([@R42]). We reanalyzed the contig-derived data set after removing all chiropteran *CHIA4* and *CHIA5* sequences (data set S1), and the resulting phylogeny ([Fig. 1](#F1){ref-type="fig"} and fig. S3) resolves *CHIA4* and *CHIA5* as separate clades.

Gene models versus contig-derived sequences
-------------------------------------------

Of the 311 genes for which we directly compared both EGA gene models and sequences derived from genomic contigs (WGS), 95.5% (297) were in agreement about functionality, that is, both predicted a functional gene or both predicted a nonfunctional/absent gene, although many absent gene models could be found as pseudogenes in the contigs. The exceptions included sequences predicted to be of low quality but no inactivating mutations could be found in the contig sequence (two), instances where EGA did not predict a sequence to be present in a genome but we confirmed that the gene is present and intact (nine), and cases in which EGA predicted a functional gene but we found evidence of pseudogenization (three). Although the two data sets are highly congruent, the errors in the gene models led us to base all our results and discussion in the paper and the Supplementary Materials on the contig-derived sequences, with two exceptions: one of two PGLS regression analyses referred to in Results and fig. S1.

Regression analyses
-------------------

We tested whether the number of intact *CHIA*s in a genome correlates with the amount of insect prey consumed by a species. We derived the latter metric from EltonTraits v. 1.0 ([@R36]), which provides the estimated percentage of invertebrate prey in the diet, a proxy for the amount of insects consumed. We performed PGLS regression analyses with the caper package in R ([@R43], [@R44]), testing the hypothesis separately with the gene model (EGA) and contig-derived (WGS) data sets. We assumed the timetree from Emerling *et al.* ([@R24]) and implemented phylogenetic corrections using maximum-likelihood estimates of Pagel's λ. We made taxonomic substitutions when species in our data set were not represented in the Emerling *et al.* ([@R24]) phylogeny. Specifically, we assumed that species in the same taxon (for example, genus and family) could be interchanged if there were no other congeners or confamilials in the phylogeny. For instance, Emerling *et al.* ([@R24]) have only a single hipposiderid in their tree, *Hipposideros commersoni*, and our chitinase data set included *H. armiger*, which we deemed to be an acceptable substitution. Species were removed from the analyses if there were no taxonomic equivalents.

Estimation of gene inactivation dates
-------------------------------------

To estimate the temporal distribution of *CHIA* loss during placental history, we used the dN/dS ratio method of Meredith *et al.* ([@R23]) to date the inactivation of the different *CHIA* paralogs. This method is derived from the assumption that genes, on average, are under purifying selection throughout evolutionary history until they become inactivated. Once inactivated, these pseudogenes are expected to undergo relaxed selection on average, and the dN/dS ratio on the transitional ("mixed") branch (that is, transitioning from purifying to relaxed selection) provides a signal of the timing of this shift in selection pressures. This can then be used to calculate the timing of gene inactivation, assuming divergence times obtained from molecular dating analyses, with shared inactivating mutations (table S4) providing a minimum branch on which pseudogenization occurred. We performed separate analyses for each *CHIA* paralog (data set S1) using PAML (phylogenetic analysis by maximum likelihood) v. 4.8 ([@R45]), implementing two separate codon model assumptions (F1X4 and F3X4) and assuming the topology and divergence times of Emerling *et al.* ([@R24]). We removed all chiropteran *CHIA4* and *CHIA5* sequences due to their disproportionate influence on the gene tree topology (fig. S2), and we assumed that any other *CHIA* gene conversion has occurred at an equal rate on average during the evolution of placental mammals.

When performing dN/dS ratio analyses on a particular *CHIA* paralog, we allowed for estimation of ω (dN/dS ratio) on each of the mixed category branches (purifying to relaxed selection), each individual clade of pseudogene (relaxed selection) branches (that is, each set of descendant branches that post-dates a mixed branch), and the remaining branches were grouped together as functional (purifying selection) category branches \[table S6; see the study of Meredith *et al.* ([@R23]) for additional details\]. After this initial analysis, we successively fixed each set of pseudogene branches to ω = 1 to test whether the dN/dS estimates are statistically distinguishable from an assumption of relaxed selection. Furthermore, in instances where mixed branches were estimated to have a dN/dS ratio \> 1, we similarly compared them to a null model where the branch was fixed at ω = 1. Finally, we implemented a model whereby all pseudogene category branches were fixed at ω = 1 (table S6). The mixed category branches estimated during this final analysis were then entered into the calculations of Meredith *et al.* ([@R23]) to obtain point estimates of gene inactivation (table S7). We discarded estimates where the mixed branch ω was greater than 1 and/or the pseudogene branch dN/dS ratios significantly deviated from a model where ω was fixed at 1, due to the violation of the assumption that pseudogenization involves a transition from purifying to relaxed selection.

*CHIA* gene expression analyses
-------------------------------

Because the presence of multiple *CHIA* paralogs in the genomes of placental mammals does not guarantee their expression in GI tissues, we queried RNA sequencing experiments to test whether all five *CHIA*s can be expressed in the GI tract. We examined GI tissue RNA libraries of three species that have (*T. chinensis*) or potentially have (*M. californicus* and *Desmodus rotundus*) three or more *CHIA*s in their genomes (tables S1 and S3). These libraries have been deposited into NCBI's Sequence Read Archive, so we queried them via NCBI's BLAST interface. We BLASTed (megablast) all five of the assembled *T. chinensis CHIA* paralogs against a pancreas library ([@R46]). *M. californicus* and *D. rotundus* are phyllostomid chiropterans with no available genome assemblies, so we BLASTed (discontiguous megablast) assembled *CHIA3* to *CHIA5* sequences from *Pteronotus parnellii*, given that mormoopids are the closest living relatives to phyllostomids. We BLASTed against the single available salivary gland transcriptome for *M. californicus* and five salivary gland transcriptomes for *D. rotundus* ([@R47]--[@R49]).

*D. rotundus*, in contrast to *M. californicus*, showed no evidence of robust transcription of *CHIA*s in its salivary glands, with BLAST hits ranging from zero to 13 for *CHIA3* to *CHIA5* (table S3). We tested whether an additional mammalian chitinase (*CHIT1*) and prolactin-induced protein (*PIP*), a salivary gland positive control, show evidence of gene expression in *M. californicus* and *D. rotundus*, by BLASTing (discontiguous megablast) the coding sequences of *Myotis brandtii* gene models for both *CHIT1* (XM_005881866.2) and *PIP* (XM_005862784.2) against all six RNA libraries. We found evidence of robust transcription of *CHIT1* in the *M. californicus* salivary gland (5963 hits), compared to practically no hits in *D. rotundus* (0 to 6 hits), but *PIP* returned a large amount of hits for both *M. californicus* (20,000 hits) and four of the five *D. rotundus* libraries (6317 to 12,547 hits; table S3). This suggests that *D. rotundus* does not express *CHIA*s in its salivary glands, whereas *M. californicus* does, an observation consistent with their respective sanguivorous and insectivorous diets.

Because of the surprisingly minimal number of *CHIA*s in the genomes of the highly insectivorous pangolins (table S1), possibly due to a historical contingency (table S5), we tested whether the immune chitinase gene *CHIT1* is expressed in the GI tract alongside *CHIA5*. In NCBI, we BLASTed (megablast) the assembled *Manis javanica CHIA5* and the coding sequence of an *M. javanica CHIT1* gene model (XM_017667770.1) against an *M. javanica* salivary gland RNA library (table S3) ([@R50]).
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fig. S1. Vertebrate RAxML *CHIA* gene tree based on *CHIA* gene models.

fig. S2. Placental mammal RAxML *CHIA* gene tree based on genomic contig--derived and mRNA sequences.

fig. S3. Placental mammal RAxML *CHIA* gene tree based on genomic contig--derived and mRNA sequences, after removing chiropteran *CHIA4* and *CHIA5* sequences.

fig. S4. Diagram demonstrating synteny of *CHIA* paralogs and nearby genes on their respective genomic scaffolds/contigs.

fig. S5. *T. syrichta CHIA1*, *CHIA2*, *CHIA3*, *CHIA4*, and *CHIA5* gene models showing conserved chitinolytic domain (DXXDXDXE).

fig. S6. *T. syrichta CHIA1*, *CHIA2*, *CHIA3*, *CHIA4*, and *CHIA5* gene models showing chitin-binding domain with six conserved cysteine residues.

fig. S7. Cladogram showing relationships of species in WGS data set and mapped gene losses.

table S1. *CHIA* summary.

table S2. Synteny of *CHIA* paralogs.

table S3. *CHIA* gene expression analyses.

table S4. Distribution of genetic lesions and missing data across *CHIA* exons.

table S5. Discussion of *CHIA* number, timing of loss, diets of extant taxa, and the fossil record.

table S6. dN/dS ratio models used for gene inactivation estimates.

table S7. *CHIA* inactivation date estimates calculated from dN/dS ratio models in table S6 and assuming divergence dates from the study of Emerling *et al.* ([@R24]).

table S8. Scaffold/contig coordinates of *OVGP1*, *PIFO*, and *DENND2D* for species in fig. S4.

table S9. Evidence of gene conversion between *CHIA4* and *CHIA5*.

data set S1. Alignments used for analyses.

data set S2. Alignments used for constructing *CHIA* genes from scaffolds/contigs.
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